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Abstract 
ESPI (Electronic Speckle Pattern Interferometry) is an optical method, used here to analyze the stress relief brought about by drilling a hole 
incrementally.  Measurement times are substantially reduced compared to the standard hole-drilling method since no strain-gages have to be 
applied.  Since repeat measurements can be made easily and quickly, measurement quality and stress distribution across the sample surface can 
be assessed well.  This presentation focuses on practical measurement examples from different materials after shot-peening and under bending 
load.  Factors affecting the measurement results are discussed. 
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1. Introduction 
Hole-drilling combined with strain gage measurement is 
one of the most commonly used techniques for measuring 
residual stresses.  The measurement process itself is quite fast.  
Yet a new strain gage has to be attached to the sample for each 
measurement and the surface has to be properly prepared so 
that the strain gage can measure the sample behavior correctly. 
Optical surface measurement techniques have benefitted 
from the development of digital cameras and computers and 
now offer a realistic alternative.  ESPI uses laser light to 
capture images of the measurement surface before and after 
each drilling increment so that surface displacements due to 
the stress relief can be quantified.  The Prism* instrument uses 
a laser beam that’s split into two; one of them is phase-shifted.  
Each surface condition is described by four images with a 
fixed phase relationship due to the phase-shifting.  This allows 
determining surface displacements as a small fraction of the 
wavelength used (532 nm). 
While strain gages generate average data from very few 
areas around the hole, the ESPI images deliver 10,000s of 
 
 
*
 Prism® is a registered trademark of American Stress Technologies, Inc., 
Pittsburgh, PA, USA 
pixels with displacement information.  Although the pixel data 
are quite noisy, the analysis is full field [1].  A principal 
difference is that the data analysis is not based on strains but 
correlates displacements directly with stresses via a set of 
coefficients. 
In practice, the elimination of the strain gages makes it 
more practicable to perform multiple measurements on a 
sample.  Repeat measurements are essential for verifying 
precision and learning proper technique, especially when the 
measurement quantity is hard to verify by other means. 
The measurements were made on aerospace aluminum, tool 
steel O1 and a polycarbonate, representing materials with very 
different drilling behavior.  The idea was to test the 
capabilities of this measurement system in this regard.  The 
quality of the results is assessed using repeat measurements 
and by comparisons with calculated bending stresses. 
2. Instrument 
The drill is an electric high-speed precision spindle system 
with a speed range of 5,000 to 50,000 rpm.  The drilling area 
may be illuminated by a single laser beam, with the reference 
beam combining with the object beam inside the camera, or 
by both beams in symmetrical configuration for purely in-
plane displacements (Fig. 1).  The only sample preparation is 
the application of a thin spray paint layer that eliminates the 
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reflectivity of a metallic surface and increases the amount of 
diffuse light reflection that carries the desired information. 
Two-fluted, TiN coated, square-end end mills were used 
for all measurements.  Rotation speeds and other drilling 
parameters were adjusted depending on the sample material. 
 
 
Fig. 1. Measurement setup for a- sample under bending load: sample, drill, 
camera, illumination stand and chip air block. 
Most of the results shown here made use of a separately 
controlled device for orbital drilling.  Added orbital motion of 
the drill has been used for the hole-drilling technique for a 
long time [3].  It benefits the hole quality.  Drilling without 
orbital motion is here referred to as plunge drilling. 
Data analysis considers the pixels in a user-defined, ring-
shaped area around the hole.  The stress calculation follows 
the Integral Method with optional regularization (a smoothing 
method).  Both are equivalent to the process recommended in 
the ASTM standard for strain gage hole-drilling [2].  The hole 
size was determined using an image with the hole and a scale. 
3. Measurements 
A shot-peened aerospace aluminum sample (alloy 7075) 
was used for a study comparing plunge and orbital drilling 
with different amounts of eccentricity.  Shown here is a small 
subsection of results described in more detail in [4].  Figure 2 
shows the three results for each of three conditions: plunge 
drilling and hole drilling with tool sizes one half (orbital 
drilling) and one quarter (ring drilling) of the fixed feature 
diameter of ~1.6 mm.  The plunge drilling results, though 
with decent repeatability, show the most variability (Fig. 2a).  
Both others are much more consistent. 
The average curves from these measurement sets are 
shown in Figure 3.  The differences are relatively small, but 
should be characteristic due to the high measurement 
repeatability.  At the lowest depths, the plunge drilling curve 
is shifted to less compressive stresses.  This effect is 
understandable because the hole shape deviates from the 
cylinder shape that is assumed for the coefficients.  Square-
end end mills leave an inverted cone on the hole bottom after 
plunge drilling.  The actually removed material is thus 
significantly smaller than the coefficients expected for the 
very lowest depths and the stresses are thus underestimated.  
This effect is magnified by regularization even though a 
relatively small factor was used, as indicated by the limited 
smoothness of the individual measurements (Fig. 2). 
 
a)  
b)  
c)  
Fig. 2. Repeatability is poorer for plunge drilling than orbital or ring drilling.  
The feature size is 1.6 mm, the tool sizes 1.6 (a) to 0.8 (b) and 0.4 mm (c). 
A similar, but smaller shift to lower stresses at small 
depths is found for ring drilling where the ring width is 
relatively large.  The complete depth profiles for rings with a 
diameter three or four times the tool size are quite close to 
orbital drilling of a hole with twice the tool size.  This is 
understandable by considering that the displacement 
measurements are solely made outside the ring and that any 
stresses from the remaining column can only affect them via 
the “ring bottom”. 
Further indications that the shot-peening results are 
reasonable are the fact that stresses in different directions are 
very similar (Fig. 3) and that shear stresses are negligible.  
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These characteristics are frequently found in shot-peening 
stress profiles, also when measured by XRD. 
 
a)  
b)  
Fig. 3. Average curves from the measurements shown in Fig. 2.  The stress 
profiles are very similar in horizontal (a) and vertical (b) directions.  The 
dashed lines are for orbital drilling with the hole size twice the tool diameter. 
In principle, one can generate known stresses by bending a 
sample while under load in a bending device.  A bar made 
from tool steel O1 was chosen here.  The distance between the 
outer pins of the 4-point bending device is 10” (254 mm), that 
between the inner is 5” (127 mm).  The bar thickness is 3.2 
mm.  The central deflection of the sample was ~4 mm, which 
should produce a maximum tensile stress near 200 MPa.  The 
hole sizes are ~1.6 mm, the tool sizes ~0.8 mm and there are 
two sets of two measurements, where each of two tools was 
used twice (Fig. 4a).  All measurements have significantly 
higher stresses than the bending model predicts over almost 
all of the depth range.  All profiles show large variations 
despite stronger regularization.  This is not due to tool damage 
since the second measurements made with each tool (dashed 
lines) are not significantly different from the first ones (full 
lines). 
One possible cause for stresses deviating from the bending 
curve is residual stress in the sample.  Therefore, two more 
measurements were made without bending load.  Figure 4b 
shows the residual stress curves together with the bending 
corrected results from Figure 4a, i.e. after subtracting the 
expected bending stresses.  The agreement isn’t perfect.  But 
the main features are the same, including the compressive 
stresses near the surface. 
a)  
b)  
Fig. 4. a) Stresses under load.  b) Residual stresses and bending stresses after 
subtraction of the bending model stresses. 
Another sample measured under a bending load was a 
polycarbonate.  This ~3 mm thick bar was clamped to an 
aluminum block with 507 mm radius.  This material has low 
thermal conductivity and the drilling process has to be slowed 
down substantially so that heat from friction can dissipate 
without altering the residual stresses.  The hole size is ~1.6 
mm, the tool size ~0.8 mm.  The expected surface stress is 6.8 
MPa.  The two measurements made agree reasonably well and 
are close to linear (Fig. 5a).  Yet, while the general stress level 
is what the model predicts, the agreement is limited.  Again, 
an additional measurement was made without bending load in 
an adjacent location to determine the residual stress level.  
Figure 5b compares the results with the bending-model 
subtracted bending profiles.  The agreement is best at low 
depths. 
Discussion 
Judging residual stress measurement methods is 
complicated by the fact that it is difficult to verify what the 
actual stresses in the sample are.  One indication of a good 
method is good repeatability (precision).  Another option is to 
compare the results with measurements made by another 
method, though there often aren’t two techniques equally well 
suited for the same sample and material.  Furthermore, one 
can create and measure load stresses of a predictable 
magnitude in a sample, e.g. by using a bending device. 
The results from the shot-peened aluminum sample show 
that repeatability can be good enough that truly small 
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differences in the stress profiles become visible.  Certainly, 
precision is insufficient.  Comparison measurements by XRD 
can be valuable.  But the aluminum sample would likely be 
challenging for XRD due to its microstructure.  In a previous 
study on shot-peened steel rings XRD results were very 
similar to ESPI hole-drilling results [5]. 
 
a)  
b)  
Fig. 5. Polycarbonate bending.  a) Bending stresses.  b) Residual stress 
(dashed line) and bending stresses after subtraction of bending model stresses. 
Repeatability of ESPI hole-drilling measurements has been 
evaluated before in aluminum and polycarbonate samples [6].  
That study showed how residual stress and its distribution can 
affect measurement results on samples under bending load.  
Microstructural variability is difficult to separate from 
variability due to the measurement process. 
The current measurements on samples under bending load 
were hoped to validate the magnitude of the stresses 
measured.  But the stress profiles in both, the tool steel and 
the polycarbonate sample deviate significantly from the 
expected bending curves.  It is likely that residual stress is the 
largest factor.  The measurements without bending load are 
subjected to the same measurement process, though, and 
systematic errors could be similar in all.  The large stress 
fluctuations (despite regularization) suggest microstructural 
variability.  But uneven drilling may conceivably also cause 
such fluctuations.  Further work is needed to clarify this. 
Measurement attempts on the tool steel sample without the 
use of orbital motion had very poor results.  The main cause 
seemed to be tool damage due to overheating of the cutting 
tips.  A different type of tool may be required for plunge 
drilling and that setup.  The fairly reasonable results obtained 
by orbital drilling demonstrate that drilling parameters can 
have an effect on measurement results.  This is in apparent 
conflict with a study also made using ESPI hole-drilling and 
an electric drill [7], which showed little effect of drilling 
parameters in aluminum and T304 stainless steel over a range 
of rotation speeds.  However, orbital drilling was not 
evaluated and tool damage certainly depends a lot on the 
sample material. 
Tool damage is not an issue for measurements on 
polycarbonate.  Yet the heat generated during drilling is a 
critical factor that is difficult to determine.  Despite efforts to 
minimize heating, it is a possible cause for the difference 
between residual stresses and corrected bending results (Fig. 
5b).  Repeatability doesn’t seem to be a problem. 
Previous measurements on polycarbonate using plunge 
drilling showed linear shifts of the whole stress profiles to 
greater depths [6].  Those were considered to be a heating 
effect since the shift observed increased with increasing hole 
size.  The stress profiles here are apparently shift more at 
greater depths. 
Conclusions 
The different materials were intended to cover a range of 
applications for the discussion of the validity of results 
obtained by ESPI hole-drilling.  The measurements on the 
shot-peened aluminum sample demonstrate that the technique 
can have excellent precision.  The results on the other two 
materials are not as easy to interpret.  Residual stress likely is 
the major factor for the deviations from the expected bending 
curves.  The low smoothness of the stress profiles under 
bending suggest microstructural variability in the samples.  
Better samples and different experiments are needed to clarify 
whether systematic errors in the measurement process are a 
factor.  This may include investigating the effect of drilling 
parameters. 
References 
[1] Schajer GS, Steinzig, M, Full-field Calculation of Hole Drilling Residual 
Stresses from Electronic Speckle Pattern Interferometry Data, 
Experimental Mechanics 2005; 45: 6, p. 526-532. 
[2] American Society for Testing and Materials, Standard Test Method for 
Determining Residual Stresses by the Hole Drilling Strain-Gage Method, 
ASTM E837-13a, American Society for Testing and Materials, 
Conshohocken, PA, 2013. 
[3] Flaman MT, Herring JA, Ultra-high-speed center-hole technique for 
difficult machining materials. Exp Tech 1986; 10(1):34–35 
[4] Rickert TJ, Gubbels WL, ESPI Hole Drilling of Rings and Holes Using 
Cylindrical Hole Analysis, to be presented at the 2016 Annual Conference 
on Experimental and Applied Mechanics 
[5] Rickert TJ, Thomas JJ, Suominen L, Residual Stress Measurement of 
Shot-Peened Steel Rings by Barkhausen Noise, ESPI Hole Drilling and 
X-Ray Diffraction, Advanced Materials Research 2014; 996, p. 380-385. 
[6] Rickert T, Stress Measurement Repeatability in ESPI Hole Drilling, 
Proceedings of the 2015 Annual Conference on Experimental and Applied 
Mechanics, p. 363-369. 
[7] Steinzig M, Upshaw D, Rasty J, Influence of Drilling Parameters on the 
Accuracy of Hole-drilling Residual Stress Measurements, Experimental 
Mechanics 2014, 54, p. 1537-1543. 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0 0.2 0.4 0.6 
be
nd
in
g 
st
re
ss
 [M
Pa
] 
corrected depth [mm] 
polycarbonate 
M II: O1.6_0.8_B1, r=0.1 
M II: O1.6_0.8_B2, r=0.1 
bending model 
-1.0 
-0.5 
0.0 
0.5 
1.0 
1.5 
2.0 
0 0.2 0.4 0.6 
st
re
ss
 [M
Pa
] 
corrected depth [mm] 
polycarbonate 
M II: O1.6_0.8_B1, r=0.1 
M II: O1.6_0.8_B2, r=0.1 
M II: O1.6_0.8_NB1, r=0.1 
bending stress 
subtracted 
